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THE IMFACT OF SEVERAL REACTOR FEATURES ON TF COIL DESIGN FOR TPSS

INTRODUCTION

Fast studies that have tried to project the appearance of future
fusion reactors have produced designs that were unattractive because
of their high capital cost, which was due mainly to their large size.
In current studies, much effort is being expended to find ways to
minimize machine size and complexity in the hope that the final
designs will prove less expensive. A significant driver aof machine
size in previous designs was the amount of nuclear shielding placed
between the blanket and the toroidal field (TF) coils to minimize the
radiation heating and damage in these critical components. Of course
the total amount of shielding is not arbitrary; it certainly must
adequately suppress radiation outside the plant. However, if, all of
this shielding were contained inside the TF coils, several parameters
(coil size and weight, maximum field at the windings, stored energy,
etc.) would become inordinately large.

Reducing the amount of shielding inside the TF coils and allaowing
the radiation load to climb to less "conventional" levels could pay
big benefits in reducing the machine size, so long as the damage and
heat load remain tolerable, Recent studies®*® indicate that
superconducting windings in TF coils can accept much higher heat loads
than have been previously considered and simultaneously can be
designed with higher than conventional current densities. The purpose
of the present exercise is to probe the limits of acceptable radiation
levels in relation to winding pack current densities in the TF coils

for reactor relevant designs.

BASELINE RADIATION LOAD

A very aggressive level of radiation will be examined in this
exercise. In essence, we pose the following question: "Suppose an
insulating material can be found that will survive 10*% rads absorbed
over the life of the machine, which is assumed to be 40 full power
vears (fpy)s can the other consequences of this level of radiation,
namely 7 mW-cm™ peak heat load in the winding pack, 4 x 10=° n.cm—=
fast neutron fluence, and 0.2 dpa damage to the copper stabilizer of
the conductor, be tolerated?" Some immediate consequences of this
scenario can be noted. Figure 1 gives part of the evidence suggesting
that the none of the A13 compound superconductors will survive neutron
fluences greater than ~102® pn-cm—2, NbTi conductors probably will be
useable at these levels; however, we shall see that this presents a
non-trivial praoblem for heat removal because aof the much lower
critical temperature Te of this alloy compared to the A15 compounds.
The result is lower attainable maximum fields.
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Force cooled conductors will be stipulated in this study because
active cooling will be needed to handle the high peak heat loads, and



because cable—in-conduit, force-cooled conductors are expected to
suffer much less degradation of stability due to radiation damage to
the copper stabilizer. But in this type conductor, some temperature
margin between inlet helium temperature and the current sharing
temperature of the superconductor must be used in removing the heat
and some must be maintained to stabilize the conductor against
perturbations that may be imposed during operation of the magnet. It
will be shown that maximum field of around 6 T, with quite reasonable
winding pack current density, can be supported while maintaining
adequate stability and the ability to protect the coils in the event
of a quench to end of the machine life.

BASELINE TF CONFIGURATION

Several machine configurations of interest for the TFSS were
suggested by D. A. Ehst.® The version having approximately &6 T field
at the coil case (6.21 T at the windings) is characterised by the
parameters listed in Table 1. More detail must be added to this list
subject to various constraints and performance characteristics.

The number of coils in the TF set affects field ripple at the
outer plasma edge, machine access, ease of assembly and disassembly,
and (to some extent) protection. To illustrate the effect of the
number of coils on field ripple, a winding pack current density Jpack
= 60 A-mm~2 and a winding build of 0.2 m was assumed, and the
calculations in Fig. 2 were performed. For 16 coils with the assumed
winding geometry, the ripple is 4.4 % peak—to-peak.

The number of coils has the strongest influence, but spreading the
windings might be expected to reduce the ripple somewhat. To get a
feel for the magnitude of this effect, an additional 16 coil example
was calculated. In this case, the same 0.2 m winding build was used,
but Jpack was reduced to 40 A-mm~=2 and the winding spread laterally to
compensate. Figure 3 shows a comparison of the assumed winding shapes
and lists the corresponding field ripple values. From Fig. 2 it is
apparent that if field ripple no higher than 2 - 3 % can be tolerated,
there may be no fewer than 18 coils, unless other means suppression
techniques are used (e.g. shimming with appropriately placed
ferromagnetic inserts).

WINDING PACK DESIGN

Particular features of the winding pack are often a matter of

" designer’s choice. A successful design results when the strong
features of a particular type of design are emphasized and the weak
features compensated. We begin this design with a cable—in-conduit
conductor (CICC). The sheath provides strong containment of the
helium coolant and also adds structure at the source of the
electromagnetic forces. There are benefits for maximizing the overall
current density of a winding pack based on this type of conductor if
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the sheath is used effectively in these roles. If it is not used
effectively, it becomes a penalty to the obtainable pack current

denstiy.

The CICC also allows for solid insulation between turns of
conductor and thus the oppoartunity for higher alicwable turn—to—turn
and terminal voltages. It is not possible to fully optimize the
fractions of steel and insulation in the winding pack without detailed
knowledge of the mechanical loads, internal pressures, fault
conditions, etc., but experience from previous designs where
manufacturability, tensile load sharing, and support of centering
loads by the conductor sheath were primary considerations suggests
that 20 ~ 25 % of the winding pack should consist of steel and 15 - 20
Z insulation. We choose f'geeers = 22 %Z and f’insuiation = 15 % for
this study. The remaining 63 %, consisting of helium, superconductor,
and copper stabilizer (aluminum has been shown to be inferior in a
high radiation environment“*), must be tailored to the requirements of
heat removal, protection, and stability.

Heat remaval--Heat is remaved in a CICC by introducing single
phase He at some temperature Ti» and forcing it through the conductor
at a sufficient flow rate that the maximum temperature in the flowpath
does not compromise the stability required. 0Of course the flaow cannot
be increased without limit because frictional losses become
significant, and any further increase in flow gives an increase in the
maximum temperature in the flowpath.®*® The alternative is shorter,
more numerous flowpaths with the consequence of more complex
manifolding for injection and removal of the helium. Good advantage
can be taken of the high heat capacity of helium in the pressure range
just above the critical pressure, e.g. in the range from about 300 -
S00 kPa, both for steady heat removal and for stabilization.?®
Shor-ter channels that allow for sufficient flow, but with low enough
pressure drop ta stay in this range over an entire flowpath, are an

attractive design option.

To test our ability to adequately remove the heat, some
assumptions must be made about the distribution of heat in the
windings. First, even with shielding of uniform thickness between the
plasma and the circumference of the TF coils, the circumferential
distribution of heat will not be uniform. This is because the
outboard legs of the TF coils represent only a fraction of the total
cross section intercepting the radiation of the outer plasma surface
and because they are further from the plasma than are the inboard
legs. The combination of effects should reduce the radiation heat
load at the midplane of an outboard TF coil leg by 1/10 when compared
to the maximum at the midplane of the inboard leg. Second,
calculations with "typical” materials of a winding pack suggest that
heating rates should fall off exponentially with depth into the pack
with a characteristic (e~folding) depth of 2 - 10 cm.* These
assumptions can be combined in the following simple form for an
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approximate distribution of heating in a TF coil that will be useful
for estimating purposes:
ﬁn(r,e) = amax expl—-(r - R)/0.0951{ sin(a/s2) + (1/10)L 1 - sin(a/2)}13

where R is the equivalent inner radius of a "dee" coil topoclogically
deformed into a circle, and the angle © is measured from a radius
thirough the midplane of the outer leg.

From this distribution, we estimate that the average heat load
into a turn of conductor in the innermost layer is

{ﬁn} = 0.67 § W 4.7 kW/m3 .

Later, when a determination of the useable winding pack current
density has been made, and the winding pack dimensions have been set,
we can use the same distribution function to obtain an approximation
of the total radiation heat load per coil. However, of more immediate
interest is whether the average heat load per turn on the inner layer
of the winding can be accomodated. Using the approximate techniques
of ref. 1, it can be shown that this load can be absorbed with a
temperature rise of < 0.4 K in that turn by appropriate manifolding to
provide the required He flow. The conductor must be rather "open",
however, and a minimum void fraction of 40 % in the cable space of the
CICC is suggested to preclude too much pressure lass.

Stability-—At a particular current density and field, the
stability margin provided by a CICC can be expressed in the form

where Sue is the effective volumetric heat capacity of the helium
between the initial bulk fluid temperature Te and the current sharing
temperature Tew of the superconductor. The ratio of the helium

fraction fue to conductor fraction feerna in the cable space merely
refers the sudden absorbed energy that will just quench the conductor

to a unit volume of conductor. The above relation is essentially a
statement of experimental observation that, to first order, the
stability of a CICC is derived from the heat capacity of the
interstitial helium over the temperature range that the conductor is

superrconducting.”

The temperature dependence of the critical current density of a
superconductor at the operating field is sufficiently linear over the
range of interest that it can be fully represented for our purposes by
the intercepts Jco(B) and T<(B). The above can then be cast in the
dimensionless form,
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where J is the current density inside the cable space of the CICC and
fcu is the fraction of copper in the conductor strands (note that
Jpack = 0.63 J for the fractions of steel and insulation assumed).

In this form, the dimensionless stability parameter A h has the
properties of the coolant factored out, leaving only those parameters
describing the conductor and the operating conditions.

Note that the above relation does not contain the resistivity of
the copper stabilizer since, to first order at least, the stability
margin is observed to be independent of it.® Rather, at a given
current density, the conductor design offering the maximum stability
is established by a trade off between adding more superconductor and
adding more helium. The amount of superconductor of course depends on
the amount of copper contained in the conductor strands (for reasons
other than direct stabilization). The optimum trade off thus depends
on this fraction of copper, as can be seen by examining contours of
A hin the (fgonas,fcu) plane. A typical mapping is shown in Fig. 4
with the locus of optimum fgamna for fixed feu. There are of course
limits to the amount of copper that can be used.

Minimum copper fraction—--The processing of NbTi into practical
superconducting wire requires a minimum amount of copper to be co-
drawn with it. The limit is not absolute, but very few manufacturers
regularly make good wire with less than 30 % copper. We will take
this number as a minimum for this study, recognizing that other
considerations will probably call for higher fractions anyway.

Effect of damage to copper stabilizer——The proposed level of

radiation will cause an increase in the residual resistivity of the
copper matriy according to a relation of the following form:

JQVCE = gl1 - exp(-iD/s)1 ,

where s is the saturation level and i is the saturation rate. Sawan®
gives s = 3 nfi-m and i = 720 nf*m-dpa~* while Klabunde, et al.® give s
= 4 nfi*m and i = 649 n@-m-dpa~2. We use s = 3.46 nft*m and i = &94
ni-m-dpa~?* as a compromise. Magnetoresistivity is accounted for by
the relation:® .



P = oL+ 0.0339(3//00)1'073

where/aa includes the effects of radiation damage.

Limiting current--The limiting current density in a CICC is the
value below which full stability is available even with initially
stagnant helium inside,** and as such may be viewed as a good
indicator that heat transfer from the cable to the helium is gvod,
even without being augmented by net flow. Therefore, choosing a
conductor configuration for which the limiting current density Jisim
exceeds the design value for the cable space current density J amounts
to choosing a design that is not limited by heat transfer. Taowards
the end-of-life, as copper damage accumulates to reduce Jiim, the loss
will be offset by the helium flow already required for heat removal.
In Fig. 5, contours of the stability parameter have been overlaid with
contours of Jiam = J for both initial and end-of-life stabilizer
resistivities. In the present study, we will observe the constraints
on conductor configuration (i.e. fecernad and fecu) due to the former and
ignore those due to the latter.

Protection——There are two major consequences that must be
considered when providing for the protection of a CICC coil in the
event of a quench: maintaining a safe maximum pressure inside the
conduit and maintaining a safe maximum hot spot temperature of the
conductor. An experimentally based, worst-case prediction shows that
the former depends strongly on distance between flow connections.®*=®
To facilitate removal of the radiation heat loads, that distance will
necessarily be short, and high quench pressure should not be a severe
problem. Maximum hot spot temperature during a quench is more crucial
and will in fact be the dominant limitation on the winding pack
current density forr the present case.

The upper limit to the cable space current density in terms of the
allowed maximum hot—-spot temperature can be determined from the

following expression:

T M c
j max He,init wv,He
% .fZEP ) -
Jprot - T (1 fcand) fcondfCu T /ctu dt
b
2 2 JTmax Peu “cu
+ f_. f — dT
Cu cond
T, /2cu
T K c 1/2
2 I max S.C. G.C.
+ (1 - f_ ) £ f dT7 J
Cu Cu cond T /‘7Cu



where py and ci, are the density and heat capacity, respectively, of a
parrticular component (helium, copper, or NbTi) of the CICC and,ﬂcu is
the electrical resistivity of the copper in the conductor. The dump

time constant r is given simply by

where Es is the stored energy per TF coil, Vg is the dump voltage
across the terminals of an individual coil, and Iop is the operating
current. Experiments simulating a fully quenched CICC*2 have shown
that the initial density of the helium and the constant volume heat
capacity of the helium (essentially constant and approximately equal
to 3.1 kJ-kg~*-K~*) are the appropriate choices for the values in the
first term of the above equation {as indicated).

We are free now to make several choices that are important to our
estimation of the protection limit to J. The values we choose for
Trmarxy Ya, and Ige reflect our personal assessments of the current
state-of-the-art and future trends in the technologies impacted by
these choices. Selecting Tmax ¥ 100 K ensures that differential
thermal expansion of the coil components in the event of a quench will
be negligible. A maximum coil terminal voltage Vo &% S kV should be
accomodated easily by a CICC design that provides solid insulation
devoid of helium between conduztor turns. And coil current Ige & 30
kA will ease the protection problem without penalizing the design with
a too high refrigeration load (in comparisan to that from the
radiation heating) or an intractably large and difficult-to-wind
conductor (especially if the operating current density can be kept
high). These choices are all conservative in that they can all be
pushed higher by innovative development (translate-—-research dollars:®,
but first let us examine the consequences of these choices.

In Fig. &, the contours of J = Joree are overlayed on contours of
the stability parameter and the other limits already discussed. The
lower corresponds to undamaged copper (i.e. RRR = 100 and
magnetoresistance appropriate to the operating field), the next
corresponds to copper damage of 0.005 dpa (1 fpy operation), and the
highest to 0.2 dpa (40 fpy). With the design philosophy of selecting
the conductor configuration giving the maximum stability consistent
with all other limits and constraints, the conductor design proceeds
as follows: Select a trial value of J and produce a mapping of the
stability parameter such as that in Fig. 6. Move from the upper right
to the lower left along the locus of optimum fcona (increasing
stability) until the contour defining some constraint is met. Mave
down along this constraint contour so long as stability continues to
increase or until another constraint is met. Then move down along the
next contour. Eventually, either a maximum available stability or the
minimum copper fraction will be reached. I1¥ the resulting stability
margin is higher than needed, a higher value of J can be chosen and
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the selection process repeated.

This selection process is easy to automate and Figs. 7, 8, and 9
show the results of varying the cable space current density J and
extiracting the corresponding values of feu, fconas, and Ah. The
resultant copper fraction remains acceptable over the entire range
examined. However, each trajectory eventually exceeds the maximum
allowed conductor fraction (remember, we had decided to maintain 40 %
vaid to alleviate heat removal)l. And a minimum acceptable stability
parameter has also been passed (we have somewhat arbitrarily chosen
h = 0.066 corresponding to a stability margin of 300 mJ-ca™= of
conductor).

As might be expected, the trajectory in each case corresponding to
the highest copper damage gives the laowest allowable current density.
The lowest 1limit to cable space current density by this design
methodology is J = 539 A~ mm™2 (Jgaex = 37 A-mm—2) corresponding to the
intersection of the limit on fceornae and the trajectory for a copper
damage of 0.2 dpa. It can be seen by inspection that the portion of
the trajectory at the intersection corresponds to points on the
boundary for J = Jproe. The same is true for the trajectory for
copper damage of 0.005 dpa (but not for the undamaged copper
trajectory). Thus we see that for the levels of radiation being
examined in this study, the winding pack current density is
simultaneocusly being limited by considerations of heat removal and
protection. Stability and minimum copper fraction are not primary
constraints. )

SUMMARY AND CONCLUSIONS

Table 2 lists the important TF coil and conductor characteristics
cbtained from this study. The following general conclusions can be
made:

The fast neutron fluence of 4 x 102° n-cm~= precludes the use of
NbsSn and other A1S superconductors, and may preclude the
consideration of fields much higher than &6 T.

At the "6 T" level considered here, accepting 7 mW-cm™= radiation
heating appears workable even with NbTi.

A decision to anneal out the copper damage at 1 fpy intervals
should allow the pack current density to be about 13 % higher.

The minimum number of coils based on acceptable field ripple
appears to be 18 unless alternate ripple reduction techniques are

found.

Even with 18 coils, the stored energy per coil, together with the
anticipated radiation damage to the copper, makes coil protection



a critical issue in setting the winding pack current density.



Table 1. Machine parameters critical to TF coil design

Physical description

Major radius S.25 m
Field on axis 3.83 T
Mean rad., outboard 8.10 m
Mean rad., inboard 3.10m
half height 3.22 m
Total stored energy 4.91 GJ
Nuclear environment
Nuclear heating 7 mW-cm—=
Fast neutron fluence 4% 10%° p-cm—=
Cu damage _ 0.2 dpa
Insulator dose 1022 rads

(over 40 yrs. availability)
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Table 2. 7TF coil and conductor summary

TF coil characteristics

Bmas 6.21 T

Tlnl-t 4.5 K

Tnutl.t 4-9 |":

Ew 273 MJd/caoil

Va S kV/coil

low 30 kA

Tm-u.qu-rleh 100 K .

Jpack 37 A-mm~= (0.2 dpa)

43 A-mm—2 (0.005 dpa)

Conductor characteristics

Type Cu:NbTi, cable-in-conduit conductor (CICC)

'F,i.n.ul 0.15
'F’-'BQQI 0.22

f'econa 0.38

f' e 0.25

Jeo 5200 A-mm—= at 6.21 T
Te 4.93 K at 6.21 T

dw 0.7 mm

1/1 0.31 (0.2 dpa)

0.33 (0.005 dpa)
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FIGURE CAPTIONS

Effects of neutron damage on the critical current of
several technical superconductors.

Torodial field ripple at the outer plasma edge vs number of
coils for coils having Jpack = 60 A-mm—= and 0.2-m build.

Examples to illustrate the effect of reducing Jpaex and
spreading the windings on field ripple at the outer plasma

edge.

A typical mapping of the stability parameter A h in the
(feona,; fcu) plane. For the case displayed, B = 6.21 T, J
= 68 A-mn~=, Ty = 4.9 K, Jeo = 5200 A-mm~2, and Te = 6.53
K. The locus of optimal faeme for given feu is shown for
clarity.

The mapping of the stability parameter for the conditions
of Fig. 4 with contouwrs of J = Jism added. Curve (A) is the
locus of optima from Fig. 4. Curve (B) is the contour for
J = Jaam with undamaged copper {(RRR = 100 and magneto-
resistivity appropriate for 6.21 T). Curve (C) is the
contour for J = Jiim with the same copper and field but
damage of 0.2 dpa.

The mapping of the stability parameter for the conditions
of Fig. 4 with contours of J = Jpree and minimum copper
added. Curves (A) and (R) are again the locus of optima
and J = Jyism with undamaged copper, respectively. Curve
(C) is the minimum acceptable copper fraction, S50 %. Curve
(a) is the contour for J = Jgroe with undamaged copper.
Curves (b) and (c) were calculated with copper damage of
0.005 and 0.2 dpa, respectively.

Variation of optimum copper fraction feu with cable space
current density J. Curves (a), (b), and (c) correspond to
undamaged copper, 0.005 dpa, and 0.2 dpa, respectively.

Variation of optimum conductor fraction fceona with cable
space current density J. Curves (a), (b)), and (c)
correspond to undamaged copper, 0.003 dpa, and 0.2 dpa,
respectively. .

Variation of maximum obtainable stabiliy parameter*A h with
cable space current density J. Curves (a), (b), and (c)
correspond to undamaged copper, 0.005 dpa, and 0.2 dpa,
respectively. '
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